This is the fourth article of a series on fundamental concepts in biostatistics and research. In this article, the author reviews the fundamental concepts in diagnostic testing, sensitivity, and specificity and how they relate to the concept of high-value care. The topics are discussed in common language, with a minimum of jargon and mathematics, and with clinical examples. Emphasis is given to conceptual understanding. A companion article will follow focusing on predictive value and prior probability.
D
iagnostic testing entails the attempt to differentiate whether disease is present or absent. While tests exist that have more than two outcomes, classic diagnostic algorithms are dichotomous in their outcome, meaning that there are only two possible results. These are categorized as 'positive' and 'negative'. Each test varies in its ability to predict the presence or absence of disease. Results will sometimes be false. The ability to predict correctly often differs based upon whether testing is performed in those who have or those who do not have disease. Descriptive measures of the performance of the test in each group (disease present or absent) have been developed that inform the clinician as to strengths and weaknesses of the test.
High-value care
The term high-value care encompasses providing good quality care and reducing unnecessary costs. This includes the ability to weigh the benefits and harms associated with testing and the limitation of testing to those patients who are likely to experience a net benefit. Patients have a right, among other quality parameters, to care that is effective, efficient, and safe (1). The six general physician competencies were established by the Accreditation Council of Graduate Medical Education (ACGME), when their board of directors approved them in February 1999 (2) . Medical Knowledge, Interpersonal & Communication Skills, and Systems-Based Practice are three of the six competencies that touch on high-value care and require the clinician to be able to demonstrate an understanding of diagnostic testing, shared decision making, and cost awareness.
The United States Preventive Services Task Force (USPSTF), established in 1984, makes recommendations regarding preventive services for healthy populations (3). Part of their effort is devoted to quantifying the impact of false results of screening tests (e.g., mammography and prostate-specific antigen) on patients. Recommendations for screening are made based on the balance of benefits and harms likely to be experienced by those tested. Although false-positive (FP) results are more frequently cited as a source of harm, false-negative (FN) results lead to harm as well. FP results are particularly concerning as they generate harms to healthy individuals, violating the clinician's traditional dictum, 'first do no harm' (4).
False-positive result0relating to a test result that is erroneously classified in a positive category when the sought after condition is not present.
False-negative result 0relating to a test result that is erroneously classified in a negative category when the sought after condition is present.
When patients are subjected to testing, a proportion of the results will falsely indicate the presence of disease. These healthy individuals with FP results may be exposed to further tests and unnecessary treatment. This may result in significant harm in terms of injury, expense, anxiety, and loss of time (5, 6) . FP results commonly occur when diagnostic testing is performed on a person at low risk of disease. In such cases, a test should be recommended only when evidence clearly demonstrates that benefits outweigh harms. Still, unnecessary testing of a person at low risk, and therefore high likelihood of a FP result, is common, for example, routine mammography of women less than 40 years of age (7) . In some cases, diagnostic labeling resulting from FP results may result in emotional trauma or damage to personal relationships (8, 9) . Contrarily, a FN test result indicates the absence of disease in an individual in whom disease is present. This may result in false reassurance, a cessation of further necessary testing and failure to initiate therapy.
Other organizations have attempted to identify commonly used nonproductive testing strategies in persons with suspected disease. High quality recommendations take into account the likelihood of false test results and the associated increase in cost and harm. One example, the 'Choosing Wisely' campaign, an initiative of the American Board of Internal Medicine Foundation (10), brings together recommendations from over 70 medical organizations (11) . These recommendations are freely available via the Internet.
In order to utilize diagnostic and screening tests in an efficient and appropriate manner and to interpret those tests correctly, the physician must have a fundamental understanding of the principles underlying those tests.
Introduction to diagnostic testing and terminology
When considering a patient for diagnostic testing, each individual is considered to be representative of a group that is composed of a mix of patients with similar characteristics, both with and without disease. This must be taken into consideration because test predictive ability differs based on the presence or absence of disease. Difficulties with test interpretation and indications for testing are often related to a failure to consider the patient's likelihood of disease prior to testing. Adding to difficulties is the fact that the likelihood of disease may change based on circumstance and setting. The following discussion is organized under two headings, with and without disease. This will reinforce to the reader that tests perform differently in those with and without disease and that the decision whether or not to order a test must consider the likelihood of disease in the given patient.
The term prevalence may lead to confusion. Prevalence is an epidemiologic term expressing the likelihood of disease in a population in a given time period. This term is typically applied to large populations, for example, the percent of women with breast cancer in the United Kingdom in 2015. While high-order prevalence may be useful to define the background likelihood of disease, its use is usually inappropriate to define a given patient's likelihood of disease. In the clinical setting, patient level characteristics, for example, personal and family medical history, social factors and suggestive symptoms, are used to more accurately approximate likelihood.
The meaning of the terms sensitivity and specificity are commonly confused or forgotten. The words, in and of themselves, do not suggest their meaning. It is recommended that the clinician become familiar with the following descriptive terms: true negative (TN), FP, true positive (TP), and FN. These terms are relatively transparent in referring back to the patient groups to which they relate (disease present or absent).
Testing in the disease-free group
Results are classified as true negative or false positive When a group of individuals without the disease in question is subjected to testing, there are two possible results: negative and positive. A correct negative result in an individual without disease is referred to as a 'TN'. An incorrect positive result is referred to as a 'FP'. The number of disease-free persons tested is equal to the sum of the TN and FP.
Disease free 0TN'FP
Quantifying predictive ability Diagnostic test performance in the disease-free group may be quantified as the 'specificity'. The specificity is the ability of a test to correctly classify persons without the disease as being disease free. 1 Because the TNR and FPR sum to 100%, one can easily compute one from the other.
Testing in the disease-present group 
Disease present 0TP'FN
Quantifying predictive ability Analogous to the case in the disease-free population, the test accuracy in the disease population is characterized in terms of the positive rate and the negative rate. The true positive rate (TPR) is also called 'sensitivity'. Analogous to quantification of test results in the disease-free population, the sum of the TPR and false-negative rates (FNR) in the disease-present group is 100%. Knowing either value allows the deduction of the other. If the TPR is 25%, then the FNR is 75%.
Stability of sensitivity and specificity
It is commonly stated that sensitivity and specificity are stable regardless of the likelihood of disease in the population tested (12Á15). By definition, TPR (sensitivity) and FNR apply to test performance in the disease-present subgroup (likelihood of disease of 100%). Analogously, FPR and TNR (specificity) apply to test performance only in the disease-absent subgroup (likelihood of disease of 0%). Therefore, regardless of how common disease is in the population tested, the calculation of the sensitivity or specificity is only based on performance of the test in the relevant subgroup (see Example 1).
However, unusual population characteristics may alter sensitivity or specificity by increasing FNs or FPs, respectively. For example, the test for syphilis, known as the rapid plasma regain test (RPR), has a high FPR when rheumatologic disease is present. An effort to screen for venereal disease in a busy rheumatologic practice using In the example above, the likelihood of disease varies from 40 to 80%. Note that although the number of persons that test positive or negative for disease change in each scenario, the TPR and the TNR remain the same. the RPR would be expected to result in a higher FPR than that typically described for the general population (lowering the specificity) (16) . Similarly, screening mammography has an increase in the FNR in women with increased breast density (lowering the sensitivity) (17, 18) . Unrelated conditions may alter test accuracy. It is important to keep in mind that tests have limitations and are always subject to interpretation. Finally, one can never use any of the parameters used to characterize the disease-present group (TPR, sensitivity, FNR, TP, or FN) to calculate any value used to characterize the disease-absent group (TNR, specificity, FPR, TN, or FP) and vice versa.
